Asymmetric double barrier resonant tunnelling structures 
with improved characteristics 
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We present a self-consistent calculation, based on the global coherent tunnelling model, and show 
that structural asymmetry of double barrier resonant tunnelling structures significantly modifies 
the current-voltage characteristics compared to the symmetric structures. In particular, a suitably 
designed asymmetric structure can produce much larger peak current and absolute value of the 
negative differential conductivity than its commonly used symmetric counterpart. 
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Significant progress in the growth of semiconductor 
materials has re-invigorated research in double-barrier 
resonant tunnelling structures (DBRTSs) and their ap- 
plications §. The key feature of the DBRTS @ which 
promises benefits is the negative differential resistance 
(NDR) 0. For example, the NDR can be exploited 
in high-speed analog-to-digital converters Q and parity 
generators B. We propose asymmetric structure design 
to improve the DBRTS characteristics, in particular the 
peak current and the NDR. We show that an appropri- 
ate asymmetric design can yield improved characteris- 
tics. Our simulation employs the self-consistent global 
coherent tunnelling model which is valid at and near the 
resonance bias. 

In the global coherent tunnelling model we can ex- 
press the three-dimensional electronic wave function for 
a DBRTS as a product of the bulk Bloch wave function 
and a one-dimensional envelope wave function ?pE z {z) 
along the growth axis (z) of the DBRTS, satisfying the 
Schrodinger equation 
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with m(z) the electron effective mass, — e the electron 
charge, V(z) the conduction-band offset, and $(z) the 
Hartree potential satisfying the Poisson equation 
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where e(z) is the dielectric constant, N^{z) is the density 
of ionised donors, and n{z) is the electron density which 
can be expressed as 



= ^ E ~ 
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Here n^ E ~' c \z) {pS c ^ E ^ (z) ) is the density of electrons 
tunnelling from the emitter to collector (from the collec- 
tor to emitter). In the following we write explicitly only 
for rv- E ~ * c '(z), and r^ c ^ E \z) can be treated similarly. 
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where Le is the emitter length, k B and T are, respec- 
tively, the Boltzmann constant and temperature, Ee is 
the Fermi energy level, and tue is the electron effec- 
tive mass in the emitter. In our iterative numerical 
calculation for self-consistent solutions of the coupled 
Schrodinger and Poisson equations, the normalization 
constant B is determined by 

k B T /m£\3/2 
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where nS E ' is the dopant density in the emitter and L is 
the entire length of the DBRTS including the emitter and 
collector. Equation (5) is derived from the requirement 



of electric charge neutrality, namely J 



JE^C) 



(z)dz 



LeU^ . A similar treatment for self-consistent solutions 
has been used by Zimmermann et al. Our numeri- 
cal calculations show that such a normalisation method 
ensures fast convergence of the solution. It is worth men- 
tioning that the appearance of Le and n' B ' on Eqs. (4) 
and (5) implies that the density of tunneling electrons 
depends on the parameters of electron reservoir. In our 
numerical calculations, a standard iteration algorithm 
has been used: Eq. (1) is solved with a transfer matrix 
method 0, and Eq. (2) is solved in the subsequent itera- 
tions with Dirichlet boundary conditions, which keep the 
values of the potential at the two boundaries fixed. 
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We present our numerical results for the following 
DBRTSs: S(L E ,d w ,d r ; x)=n+GaAs(L B )/GaAs(4nm)- 
/Al x Gai_ :c As(3nm)/GaAs(<i w )/Alo.3Gao.7As(d r .)/- 
GaAs(4nm)/n + GaAs(i£;)- The emitter and collector are 
assumed to be of equal lengths, and the doping concentra- 
tion is assumed to be rS E,c ^ = 10 18 cm~ 3 . Calculations 
are all performed at T = 300 K. The electron effective 
mass in Al^Gai-^As is m — (0.0665 + 0.0835a;)mo with 
mo the free electron mass. The conduction-band discon- 
tinuity between the GaAs and Al^Gai-^As is given by 
V(x) = 0.6(1266ir + 260a; 2 ) meV. The relative dielectric 
constant in Al^Gai-^As is 13.18 — 3.12x. 

Figure |l| presents current-voltage curves for DBRTSs 
5(10nm, 5nm, d r ; 0.3) with the right-barrier thickness 
d r = 2, 3 and 4 nm. The figure shows that the asym- 
metric structure with a narrower right barrier [d r = 2 
nm) has a higher peak current (I p ) than the symmetric 
one (d r = 3 nm). The trend of increasing I p with de- 
creasing d r , shown in the figure, is consistent with recent 
experimental results M . This is because the peak trans- 
mission coefficient of the electron is higher for a structure 
with narrower right barrier. Moreover, Fig. [l] shows that 
the peak position moves towards higher bias voltage for 
a DBRTS with thicker right barrier. This trend is also 
consistent with previous experimental results Q. How- 
ever, due to neglect of phase-coherence breaking scatter- 
ing, the present simple model cannot explain the decreas- 
ing peak-to- valley ratio (PVR) with increasing right bar- 
rier width, which was observed by previous authors and 
was attributed to the increase of the valley current and 
change of PVR caused by electron-electron scattering || . 

Figure || presents calculated results for DBRTSs 
S^lOnm, 5nm, 3nm; x) with the left-barrier Al mole x — 
0.2, 0.3 and 0.4. The figure shows that the peak current 
and absolute value of the negative differential conduc- 
tivity are higher for a structure with lower x and hence 
lower left barrier. Although we have not found previously 
published experimental data to test the above calculated 
results, we can attribute the above trend to two physical 
reasons. First, a structure with a lower left barrier has a 
higher peak transmission coefficient. Secondly, the bias 
raises the left barrier top to the right one. A structure 
with a lower left barrier can compensate the latter effect 
and hence can cause the left and right barrier tops to 
locate at similar energy levels under resonant bias. For 
example, the left and right barrier tops in the x = 0.2 
asymmetric DBRTS under resonance bias are closer than 
that in the symmetric one with x = 0.3. As is known, 
a DBRTS with the same or similar left and right barrier 
potential can achieve enhanced transmission coefficient. 
Based on the above two physical reasons, we can un- 
derstand why the peak currents and absolute value of 
the negative differential conductivities of the structures 
with x = 0.2, 0.3 and 0.4 have such a large difference as 
shown in Fig. ^| In particular, the peak current and abso- 
lute value of the negative differential conductivity for the 
asymmetric structure with x = 0.2 are much larger than 
that of the symmetric one (x — 0.3). Such asymmetric 



structural effect, which is favorable to some device appli- 
cations of DBRTSs, await experimental confirmation. 

Incidentally, in our calculations shown in Figs, [l] and 
2 we have set the emitter length Le = 10 nm. This 
scale is somewhat shorter than that in commonly-used 
DBRTSs. However, some authors prefer a shorter emit- 
ter, e.g., Le = 5 nm in Ref. |J and in Fig. 2.7 of Ref. 
& 

Besides the above study on the role of asymmetry be- 
tween the left and right barriers, we have also investi- 
gated the size effect of the quantum well width d w . The 
calculations show that the peak current increases and the 
peak position shifts to a higher bias voltage if the well 
width decreases, which is in agreement with the previous 
experiments |[l) . As for the size effect of the emitter (col- 
lector) length Le, our calculations show that when the 
emitter length Le decreases, the electron accumulation 
in the quantum well becomes smaller which gives rise to 
a weaker self-consistent field resulting in a smaller band 
bending, and hence the peak current increases with de- 
creasing the emitter (collector) length L e ■ The reduction 
of peak current with increasing emitter length is obvious 
for Le < 10 nm and is shown in Fig. pi while it is less 
obvious for larger L E (say Le > 20 nm) and is not shown 
here. 

In summary, our self-consistent calculations show that 
the resonant tunnelling current depends sensitively on 
and hence can be effectively controlled by structure pa- 
rameters, such as the barrier heigths and widths of the 
left and right barriers, and the well width. An asym- 
metric DBRTS with a suitably designed structure has a 
much larger peak current and absolute value of the neg- 
ative differential conductivity than the commonly used 
symmetric one. Moreover, the size effect of the emitter 
(collector) length is theoretically studied and explained 
for the first time. 
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FIG. 1. Current-voltage curves for DBRTSs 

n + GaAs(10nm)/GaAs(4nm)/Alo.3Ga .7As(3nm)/ 
GaAs(5nm)/Alo.3Ga .7As(d r )/GaAs(4nm)/n + GaAs(10nm). 
The solid, dash and dash-dot lines are for d r = 2, 3 and 4 
nm, respectively. 

FIG. 2. Current-voltage curves for DBRTSs 

n+GaAs(10nm)/GaAs(4nm)/ALGai_ I As(3nm)/ 
GaAs(5nm)/Al .3Gao.7As(3nm)/GaAs(4nm)/n + GaAs(10nm) 
The solid, dash and dash-dot lines are for x = 0.2, 0.3 and 
0.4, respectively. 



FIG. 3. Current-voltage curves for DBRTSs 

n+GaAs(L E )/GaAs(4nm) /Al .3Ga .7 As(3nm) / 
GaAs(5nm)/Al .3Ga .7As(3nm)/GaAs(4nm)/n + GaAs(L B ). 
The solid, dash and dash-dot lines are for Le — 5, 8 and 
10 nm, respectively. 



3 



Fig. 1 
Shi et al. 
SSC 




Fig. 2 
Shi et al. 
SSC 




Fig. 3 
Shi et al. 
SSC 




